This study presents the results of a dioxin abatement programme undertaken in the municipal waste incineration plant of Montcada i Reixac (Barcelona, Spain) after the replacement of an obsolete air cleaning device by a new flue gas treatment system. A number of sampling campaigns were conducted with the aim of characterising stack gas emission levels of polychlorinated dibenzo-p-dioxins (PCDDs)/polychlorinated dibenzofurans (PCDFs) and to evaluate initial specifications of dioxin stack gas emission values below 0.1 ng I-TEQ/N m 3 . Preliminary results revealed levels between 44 and 111 ng I-TEQ/N m 3 when the gas-cleaning system consisted only of an old electrostatic precipitator (ESP). Decreased levels around 15 ng I-TEQ/N m 3 were observed when the semi-dry scrubber began to operate and the ESP was switched off. Again, remarkable dioxin removal was observed after the installation of the fabric filter and levels around 0.3-0.4 ng I-TEQ/N m 3 were soon achieved. Nevertheless, the limit of 0.1 ng I-TEQ/N m 3 was reached by additional injection of activated carbon which helped to lower PCDD/PCDF levels to around 0.036 ng I-TEQ/N m 3 . The results also demonstrated a significant change in the dioxin distribution present in combustion-derived materials (stack gas emission, bottom ash and solid waste from gas treatment). The major dioxin fraction was found in gaseous matrices before the flue gas control system was upgraded. After this step, the major dioxin fraction content was observed in solid waste from gas treatment.
Introduction
In recent years, atmospheric emissions from many industrial processes have been the subject of public concern, affecting in most cases municipal waste management plants which already included combustion as a routine waste treatment procedure. Combustion, commonly known as incineration, constitutes a controlled oxidation process in which chemical reactions transform carbon species into CO 2 . Hence, the carbon content of waste cannot be totally converted into CO 2 and minor amounts of unwanted products of incomplete combustion are to be found. However, this process also leads to the emission of pollutants such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and other toxicants into the environment (Olie et al., 1977; Olie et al., 1983; Ballschmiter et al., 1986; Hagenmaier et al., 1994; Rappe, 1994; Fiedler, 1996) . As a result, stringent regulations, mainly governing stack gas emissions, have been enforced in recent years with the aim of reducing the emissions of pollutants into the air (Council Directive 76/2000/EC).
The extent of contamination emitted depends both on the technology employed during the thermal process and composition of the waste treated. In modern plants, the Chemosphere 50 (2003) [1175] [1176] [1177] [1178] [1179] [1180] [1181] [1182] www.elsevier.com/locate/chemosphere first stage in dioxin abatement strategies consists of the application of primary combustion measures which affect mainly the stability of the thermal processes. However, the raw gas produced during combustion processes requires exhaustive cleaning before being released into the air for the legislative standards to be achieved. Therefore, a second common step consists of an appropriate gascleaning system which drastically reduces the emission of these contaminants into the air. Given that the major content of PCDDs/PCDFs correlates with concentrations in particulate matter (Vehlow, 1997) , an accurate dedusting process is essential. Owing to their simple design and low maintenance costs, electrostatic precipitators (ESPs) were often used for this purpose in the oldest municipal waste incineration (MWI) plants. Though these systems permitted established dust emission standards to be met, they also seemed to be important precursors of dioxin formation (De Jong et al., 1993; Sierhius et al., 1996; Thomas and Spiro, 1996) . In this respect, fabric filters provide an alternative for achieving better results, and a contributor to dioxin formation is thus avoided. Before the fabric filters, flue gas cleaning is generally complemented with another step, the purpose of which is to trap acid components by the injection of Ca(OH) 2 . Even so, a substantial amount of PCDDs/PCDFs remain in the gases. Therefore, satisfactory dioxin abatement requires additional steps, such as the injection of charcoal or other additives (De Jong et al., 1993; Carlsson, 1994; Reimerink et al., 1996; Sierhius et al., 1996; Thomas and Spiro, 1996; Vehlow, 1997) . This work presents the results of the studies carried out to provide data on dioxin emission control and the survey programme aimed at reducing PCDD/PCDF emissions to comply with the limit of 0.1 ng I-TEQ/N m 3 (Council Directive 76/2000/EC) in the MWI plant located in Montcada i Reixac (Barcelona, Spain). Similar studies reflected the difficulties in achieving stack gas emission values below established levels of 0.1 ng I-TEQ/N m 3 and the importance of a global reduction in dioxin formation (Boos et al., 1994; Sierhius et al., 1996; Giugliano et al., 2001 Giugliano et al., , 2002 Abad et al., 2002) .
Recently, the plant has been the subject of public concern. As a result, great efforts and comprehensive studies have been made to evaluate the potential impact of the MWI plant. In 2001, we reported PCDD/PCDF levels in ambient air samples from different sites affected by several potential sources as part of the compliance monitoring survey undertaken by the Catalan authorities (Abad et al., 2001; code I6) . Eight samples were collected during elaboration of the project, two in 1995, one in 1998 and five in 2001. Levels varied from 58 to 950 fg I-TEQ/m 3 with a mean of 257 fg I-TEQ/m 3 . The values showed great variability despite the fact that the highest levels of 950 fg I-TEQ/m 3 were achieved in 1995. Similar environmental studies were also conducted in the surroundings of the plant with the aim of generating data on dioxin content in soils and herbages in areas potentially affected by the plant (Schuhmacher et al., 1997; Schuhmacher et al., 1998a,b) . The values presented wide variations in the range of ng I-TEQ/g d.m. depending on the sampling point and nature of the sample. Later, temporal trends in dioxin content in this type of matrices were also evaluated (Domingo et al., 1999a,b) . Those authors recently indicated that data achieved in soils did not vary substantially throughout the survey programme. Nevertheless, a decrease in the dioxin content in herbages was noted (Domingo et al., 2001) .
The MWI plant under study, TERSA-Montcada i Reixac located in Barcelona, began its activity in 1975 with an annual capacity of 35 000-40 000 Mg. In 1997, the plant produced 5700 Mg of steam and 2810 MW h. The solid residue was around 10 500 Mg bottom ash, 1300 Mg solid waste from gas treatment and 1000 Mg of metal in 2001. The flue gas was approximately 45 000 N m 3 /h. The first layout of this plant presented two incineration units (2 and 3 Mg/h, respectively) and a gascleaning system formed by a single ESP connected to a stack. In 1996, a modern air pollution control system (APCS) was installed behind the old ESP. This study includes the optimisation programme performed after the installation by a complex system consisting of a semi-dry scrubber (CaOH) 2 and a bag filter behind the ESP. In addition, the air pollution control system was optimised by the injection of activated carbon system.
Materials and methods

Sampling strategy
The aim of this work was to assess the effect of replacement of the old gas-cleaning system (ESP) on PCDD/PCDF emission. Consequently, a measurement programme was undertaken at several sampling positions in the installation under different operating conditions. Thus, samples were firstly collected from the stack when the cleaning system was only an ESP, and later when a semi-dry scrubber and a fabric filter were installed between the ESP and the stack. The system was also evaluated after the injection of charcoal. For gaseous matrices, sampling was made with a stack gas sampler of the filter/condenser method fulfilling the minimum requirements described in EN-1948 EN- (1996 part 1. In many cases the study was complemented by the analysis of combustion solid residues such as fly and bottom ashes. Thus, solid samples were collected during the gas sampling depending on the purpose of the study.
Extraction and clean-up
Prior to the extraction process, the samples were spiked with labelled PCDD/PCDF standards described in EN-1948 methods. Analytes were removed from XAD-2 and the filter by Soxhlet extraction using toluene for 24 h. In addition, as a preliminary treatment, fly ash and slag were treated with HCl 3 M for 2 h before being extracted (EPA, 1613). The toluene extracts were then transferred to n-hexane and rotary-concentrated prior to the clean-up process.
Clean-up procedure was based on use of the Power Prepe system (FMS Inc., MA). The automated system cleanup employs multilayer silica, basic alumina and PX-21 carbon adsorbents (FMS Inc. Boston, USA). The n-hexane extracts were loaded and pumped through individual sets of multilayer silica followed by a basic alumina column with n-hexane. Interferences were eliminated with n-hexane:dichloromethane (98:2). Next, PCDD/PCDF were eluted from the alumina column and transferred to the PX-21 carbon column with a mixture of n-hexane:dichloromethane (1:1). Finally, the interferences were eluted with 12 ml of ethyl acetate:toluene (1:1) in the forward direction, and PCDD/PCDF were collected from the carbon column in the reverse direction. All solvents, acetone, dichloromethane, toluene, nhexane and ethyl acetate for organic trace analysis were purchased from Merck (Germany) (Abad et al., 2000) .
Instrumental analysis
Purified extracts were analysed by HRGC-HRMS on a GC 8000 series gas chromatograph (Carlo Erba Instruments, Milan, Italy) coupled to an Autospec Ultima mass spectrometer (Micromass, Manchester, UK), using a positive electron ionisation (EIþ) source and operating in the SIM mode at 10 000 resolving power. Chromatographic separation was achieved with a DB-5 (J&W Scientific, CA, USA) fused-silica capillary column (60 m Â 0:25 mm ID, 0.25 lm film thickness) with helium as carrier gas in the splitless injection mode (1-2 ll). As a confirmation, a DB-DIOXIN (J&W Scientific, CA, USA) fused-silica capillary column (60 m Â 0:25 mm ID, 0.25 lm film thickness) was employed when required. The temperature programme was: 140-200°C (1 min) at 20°C/min, then at 3°C/min to 300°C and held isothermally for 20 min at 300°C. For the DB-DIOXIN GC column and 140-200°C (1 min) at 20°C/min, then at 2°C/min to 280°C and maintained isothermally for 85 min at 280°C (Abad et al., 1997) .
Quality control criteria
Quality criteria were based on the applications of quality control (QC) and quality assurance (QA) measures such as analysis of a blank sample covering the complete analytical procedure, analysis of certified reference materials or participation in intercalibration exercises as a current quality policy of the Laboratory of Dioxins, which have been reported in previous works (Abad et al., 2002) .
Results and discussion
In 1997, the APCS of the MWI plant of Montcada i Reixac was upgraded. A new gas-cleaning system composed of a semi-dry scrubber and a fabric filter complemented the ESP system. Thus, the raw gas is first cleaned by a Ca(OH) 2 solution to trap the acid gases followed by serial fabric filters to remove the particulate matter and other unwanted pollutants. Finally, the system was also improved by injecting specific activated carbon for dioxin and mercury removal. A diagram of the final configuration is given in Fig. 1 .
In order to examine whether the specifications of the new complex system of dioxin levels below 0.1 ng I-TEQ/N m 3 could really be achieved, a number of flue gas Table 1 . During the first campaign, almost all the solid combustion residues were analysed with the plant operating with the old gas-cleaning system. Thus, the dioxin levels were examined in bottom ash, solid residue from fabric filter and ESP, respectively, and in solid residue mixture from both. Bottom ash levels were around 0.03 ng I-TEQ/g. The level in solid waste from the fabric filter was 0.79 ng I-TEQ/g and, as expected, the level in ESP fly ash was the highest with values around 7.87 ng I-TEQ/g. Finally, the level of solid waste mixture from ESP and fabric filter was comparable to those found in ESP fly ash, around 8.70 ng I-TEQ/g.
In the second campaign, solid residues were again analysed and dioxin levels were determined in a sample from the stack with the plant operating only with the ESP. The figures found in bottom and ESP ashes were comparable to those found in the first campaign, with levels around 0.02 and 16.30 ng I-TEQ/g. One remarkable aspect was the level of dioxins found in the gaseous sample, with values around 111.39 ng I-TEQ/N m 3 . Although, these values are clearly very high, they are consistent with a plant operating only with an obsolete ESP such as a gas-cleaning system. These figures were also corroborated in a third campaign where levels of PCDDs/PCDFs were 44.35 ng I-TEQ/N m 3 . Before the fourth campaign got underway the new gas-cleaning system had begun to operate. During this campaign, one sample was collected from the stack with the plant operating with the new scrubber together with the fabric filters and the ESP on. In this case, levels of PCDDs/PCDFs determined in the stack were also very high, around 15.72 ng I-TEQ N m 3 . Taking into account the hypothesis that the ESP devices could behave as a dioxin precursor, two more samples were collected from the stack in the subsequent campaigns (fifth and sixth) without the influence of this system. Thus, the ESP was switched off almost 48 h before collection of each sample. A significant decline in PCDD/PCDF emission was observed and levels around 0.3 and 0.4 ng I-TEQ/N m 3 , respectively, were soon achieved. These findings indicated that by replacing the ESP with a semi-dry scrubber and a bag filter, dioxin removal efficiency reached 95-96%, even without the injection of activated carbon, which confirmed the above-mentioned hypothesis. Nevertheless, levels below the limit of 0.1 ng I-TEQ/N m 3 remained to be reached. Thus, the next objective was to evaluate whether the system could attain and improve on.
In the next three sampling campaigns, an examination of the whole new system was also made with the addition of activated carbon for dioxin removal at a dose around 100 mg/N m 3 . To this end, two gas emissions were collected in the stack. In all experiments, levels determined in the stack were very low, between 0.010 and 0.036 ng I-TEQ/N m 3 . This constituted an improvement in dioxin removal efficiency of approximately 92-96% with respect to levels obtained without the injection of activated carbon; however, of more interest was the fact that overall dioxin removal was higher than 99.95%, bearing in mind the levels of dioxins determined in the second campaign. In general, the findings verified the capability of the cleaning device system to successfully comply with the minimum requirements demanded, and levels far from the limit of 0.1 ng I-TEQ/N m 3 were reached (Fig. 2) . At the same time, solid residues formed by solid waste from gas treatment were simultaneously collected in parallel with gaseous samples. The PCDD/PCDF levels of these three samples varied from 1.07 to 1.63 ng I-TEQ/g, which is consistent with those found in the first campaign in samples collected from fabric filters. However, in the next campaign (tenth), the new cleaning system was again checked when operating with all devices (scrubber, fabric filter and activated carbon) including the ESP. The levels obtained were comparable to those found in previous campaigns with values of 0.03 ng I-TEQ/N m 3 . One interesting aspect was the fact that the levels detected in the solid residues increased by approximately threefold the values found in the seventh, eighth and ninth campaigns which again corroborated again the influence of the ESP on the formation of PCDDs/ PCDFs.
Once dioxin emission values below 0.1 ng I-TEQ/ N m 3 were reached, the next step was to optimise the gas cleaning, given that the stack gas levels were in many cases very close to the established limits, e.g., the results (Table 1) . For this reason, it was decided to modify the system by varying the dose and type of activated carbon to obtain better results in dioxin abatement. Thus, the current carbon (Norit 80) which was added at approximately 100 mg/N m 3 was replaced by another activated charcoal the so-called Norit 120, to check whether better results in the stack could be achieved. The first attempts were made at a dose of 100 mg/N m 3 (15th campaign). The findings indicated levels around 0.18 ng I-TEQ/ N m 3 . As a consequence, a new trial of samples were designed to evaluate the carbon by increasing the dose. Thus, one more sample was collected in May 2001 (16th campaign). In this case, the levels obtained were around 0.029 ng I-TEQ/N m 3 . One more stack gas sample was also collected one week later to corroborate the preliminary results (17th campaign). In this case, values were 0.037 ng I-TEQ/N m 3 , and consistent with previous data.
Interesting aspects were observed regarding the dioxin distribution present in the rejected combustion fractions before and after APCS upgrading. Considering the operating conditions indicated in Table 2 , and bearing in mind the preliminary data obtained in the second campaign, an annual dioxin formation of around 61 g I-TEQ/yr was estimated when the cleaning system was based on an ESP alone. The figures also indicated that the major dioxin content was observed in gaseous fraction (65%) followed by fly ash (34%) and finally bottom ash (<1%). After retrofitting the gas-cleaning devices, a drastic decline in dioxin emission was observed. Thus, dioxin around 1.66 g I-TEQ/yr was calculated when the ESP was off. In the present conditions, stack gas emissions again constituted a minor fraction of the total dioxin output, less than 1%; however, the greatest contribution is now attributed to solid waste from gas treatment with 84% followed by bottom ash with 16%, which is an important reduction in dioxin emission into the atmosphere (Fig. 3) . This is consistent with data reported from similar plants in which the ESP was also replaced by a similar new system (Abad et al., 2002) .
Conclusions
The replacement of an obsolete ESP by a new air pollution control system consisting of a semi-dry scrubber followed by fabric filters and an additional charcoal injection constituted a significant improvement in the dioxin abatement strategies implemented in the MWI plant. In general, the findings verified the capability of the cleaning system device to successfully comply with the minimum requirements demanded and that dioxin emission levels below 0.1 ng I-TEQ/N m 3 can be achieved. Nevertheless, from a dioxin formation point of view, the best results were achieved when the plant operated without the ESP, which proved to be an important precursor of dioxin formation. Finally, the figures indicated a different distribution of dioxin content in combustion residues before and after APCS upgrading, which resulted in a decline in overall dioxin emissions into the atmosphere.
